The interplay of opiate and NMDA glutamate receptors may contribute to psychosis, cognitive function, alcoholism, and substance dependence. Ketamine and ethanol block the NMDA glutamate receptor. The purpose of this randomized double-blind, placebocontrolled human laboratory study was to evaluate whether the interactive effects of drugs acting at opiate and NMDA glutamate receptors might partially explain the efficacy of naltrexone for the treatment of alcoholism, that is, whether naltrexone 25 mg pretreatment would modulate ketamine effects in healthy human subjects. Two groups of healthy subjects were studied. An initial group (n ¼ 31) received a perception-altering subanesthetic dose of ketamine (bolus of 0.23 mg/kg over 1 min followed by a 60-min infusion of 0.58 mg/kg or saline bolus and infusion). A second group (n ¼ 24) completed the same testing procedures, but received a subperceptual ketamine dose (bolus 0.081 mg/kg over 10 min followed by an infusion of 0.4 mg/kg/h). Ketamine produced positive symptoms, negative symptoms, emotional discomfort, and cognitive effects as measured by the Positive and Negative Syndrome Scale (PANSS) in a doserelated fashion. The lower ketamine dose produced subjective effects similar to two standard ethanol drinks, whereas the higher ketamine dose produced effects similar to five standard drinks. Although naltrexone produced no significant behavioral effects, it significantly magnified the increase in the total PANSS score produced by the lower subperceptual dose of ketamine, but not the higher perception-altering dose of ketamine. These data suggest that the interplay of opiate receptor antagonism and NMDA receptor antagonism may be relevant to the protective effects of naltrexone on alcohol consumption via potentiation of dysphoric effects associated with the NMDA receptor antagonist effects of ethanol. However, these data suggest that at levels of NMDA receptor antagonism associated with heavy drinking, this protective effect of naltrexone on drinking is no longer present.
INTRODUCTION
N-methyl-D-aspartate (NMDA) glutamate receptors and mopiate receptors may play opposing roles in the regulation of reward, mood, and cognition. However, little is known about psychopharmacologic aspects of the interplay of drugs acting at these receptors in humans. Binding studies describe colocalization of NMDA and m-opiate receptors in the nucleus accumbens (Gracy et al, 1997) and nucleus tractus solitarius (Huang et al, 2000) . In the raphe nucleus, nucleus accumbens, and prefrontal cortex, the excitatory effects of NMDA receptor stimulation are opposed by the inhibitory effects of m-opiate receptor stimulation. Also, NMDA receptor antagonist effects are reduced by opiate receptor antagonists (Jolas and Aghajanian, 1997; Marek and Aghajanian, 1998; Martin et al, 1997) . In contrast, in Xenopus oocytes, there is evidence that opiates administered at very high doses may inhibit NMDA receptor function at a site within the cation channel (Yamakura et al, 1999) .
The interplay of NMDA glutamate receptors and m-opiate receptors may be particularly important to the field of addiction research. With respect to opiate addiction, NMDA receptor antagonists block the development of opiate dependence (Sepulveda et al, 2002; Trujillo and Akil, 1995) . A growing body of alcoholism research has emphasized the interplay of opiate antagonists and ethanol, itself an NMDA receptor antagonist (Krystal et al, 2003b) . Opiate receptor antagonists reduce the rewarding effects of ethanol (O'Malley et al, 1996; Volpicelli et al, 1995) and the consumption of ethanol (O'Malley et al, 1992; Volpicelli et al, 1992) . Further, the combination of NMDA and opiate receptor antagonists may have greater beneficial effects for recovering alcohol-dependent patients than either drug administered by itself (Kiefer et al, 2003) .
The NMDA receptor antagonist, ketamine, is the principal drug used to probe the role of NMDA glutamate receptors in human cognition and behavior (Krystal et al, 1999) . However, the interpretation of ketamine effects generated by the racemic formulation that is most commonly used in psychopharmacology research may be complicated by the modest affinity that the R-isomer of ketamine possesses for the m-opiate receptor (Hustveit et al, 1995; Smith et al, 1980) . Other preclinical studies suggest that opiate receptormediated effects are not relevant to the cognitive and behavioral effects of ketamine (Byrd et al, 1987; Fidecka, 1987; France and Woods, 1989; Fratta et al, 1980; Shannon and Holtzman, 1977) , but this finding has yet to be demonstrated in humans outside of the context of anesthesia (Stella et al, 1984) .
The purpose of the current study was to evaluate glutamate-opiate receptor interactions in humans by studying the impact of pretreatment with naltrexone, 25 mg, p.o., upon the dose-related cognitive and behavioral effects of ketamine in a double-blind, randomized, double placebocontrolled design.
METHODS
This study was approved by the Yale Department of Psychiatry Research Committee, New Haven, CT, the Yale University Human Investigations Committee, New Haven, CT, and the Human Subjects Subcommittee of the VA Connecticut Healthcare System, West Haven, CT. The study was conducted at the Neurobiological Studies Unit (VA Connecticut Healthcare System, West Haven, CT). Healthy subjects were recruited by public advertisement and compensated for their research participation. After giving written informed consent, subjects underwent a rigorous evaluation that determined that they (1) were medically healthy by history, physical examination, and laboratory testing, (2) did not meet a DSM-IV axis I diagnosis by structured diagnostic interview (Spitzer et al, 1990) , and (3) did not give evidence of substance abuse or dependence by history, physical examination, or urine toxicology (performed at screening and on each test day). Subjects were instructed to refrain from caffeine intake for 2 weeks prior to testing and throughout the study.
Subjects
A total of 55 healthy human subjects completed testing: 31 completed the four test days involving a higher perceptionaltering ketamine dose and 24 subjects completed the four test days involving the subperceptual ketamine dose. The mean age of the sample was 28.177.6 year (SD). In all, 26 subjects were female (47.3%) and 29 subjects were male (52.7%). The majority of subjects were nonsmokers (n ¼ 42, 76.4%), four subjects smoked (7.3%); one subject had smoked in the past (1.8%), and smoking data were not available for eight subjects (14.5%).
Procedures
This study was conducted in two phases. In the initial phase, the higher dose of ketamine (i.v. bolus of 0.23 mg/kg over 1 min followed by 0.58 mg/kg/h) was tested. Subjects completed four test days in randomized order under double-blind conditions: placebo naltrexone and saline (placebo ketamine), naltrexone 25 mg, p.o. and saline, placebo naltrexone and ketamine, and naltrexone and ketamine. The drugs were administered in a fixed order with naltrexone 25 mg or a matched placebo given 90 min prior to the initiation of ketamine or saline infusion. In the second phase, identical procedures were followed, except that a lower ketamine dose (bolus 0.081 mg/kg over 10 min followed by an infusion of 0.4 mg/kg/h) was administered.
A timeline for test days is presented in Figure 1 . Subjects fasted after midnight prior to test days. They appeared for testing at approximately 0830 hours on test days. This study employed cognitive and clinical assessments that we have used previously to study ketamine effects in healthy subjects and alcohol dependent patients (Krystal et al, 1994 (Krystal et al, , 1998 (Krystal et al, , 2003a . The Positive and Negative Syndrome Scale (PANSS (Kay et al, 1989) ) was employed to assess several dimensions of behavior. In this report, empirically derived factors are reported excluding those items that could not be assessed during the test sessions (Bell et al, 1994) : positive symptom factor (delusions, unusual thoughts, somatic concern, grandiosity, suspiciousness, and hallucinations), negative symptom factor (emotional withdrawal, blunted affect, poor rapport, disturbance of volition, preoccupation, and motor retardation), cognitive factor (difficulty in abstract thinking, stereotyped thinking, cognitive disorganization, lack of judgement and insight, poor attention, tension, mannerisms, and posturing), hostility (excitement, hostility, impulse control, and uncooperativeness), emotional discomfort (depression, anxiety, and guilt). In addition, subjects completed visual analog scales (VAS) measuring high, drowsiness, nervousness, and the number of standard alcohol drinks that would be anticipated to produce the subjective effects experienced at a given timepoint (the 'number of drinks' scale) (Krystal et al, 1998) . The Biphasic Alcohol Effects scale (BAES) contains seven items measuring stimulatory effects associated with ethanol and seven items that assess sedative effects associated with ethanol (Martin et al, 1993) . The Hopkins Verbal Learning Test (HVLT) (Brandt, 1991) also was administered on each test day.
Data Analysis
Data were checked for normality before analysis. Since most outcome variables exhibited floor effects and positive skewness, we used the nonparametric approach for repeated measures data (Brunner et al, 2002) . In the overall model for BAES ascending, BAES descending, PANSS total score, the five PANSS subscales (positive, negative, cognitive, emotional, and hostility), the four VAS subscales (high, tired, drowsy, and nervous), and the similarity to alcohol effect, ketamine dose (low dose vs high dose) was used as a between-subject factor, whereas ketamine (Active, Placebo), naltrexone (Active, Placebo), and time (study timepoints, see Table 1 ) were used as within-subject factors. Subject was used as the clustering factor. The analysis of HVLT data was similar, except instead of time there was an effect of repetition for immediate recall to assess learning effects. The analysis was performed via the use of PROC MIXED on the ranked data with appropriate adjustment for p-values. If significant interactions involving ketamine dose were observed, separate follow-up analyses within the high-dose ketamine group and the low-dose ketamine group were also performed. Bonferroni adjustment was applied within but not across hypotheses.
RESULTS

PANSS
The analyses of PANSS data are summarized in Table 2 . The initial analysis focused on the PANSS total score. This analysis, depicted in Figure 1 , revealed the naltrexone potentiated the effects of the lower, but not the higher, ketamine dose. As presented in Table 2 , the ketamine by time interaction, naltrexone by time interaction, and the interaction of ketamine dose, ketamine, naltrexone, and time were significant. For the lower ketamine dose, both the ketamine by time interactive effect (ATS ¼ 1.81, df ¼ 6.63, p ¼ 0.002) and the naltrexone by time interactive effect (ATS ¼ 2.55, df ¼ 4.66, p ¼ 0.005) were significant. For the higher ketamine dose, the ketamine by time interaction effect was highly significant (ATS ¼ 2.11, df ¼ 89.50, po0.0001), but the naltrexone and naltrexone by time interaction effects were not significant. Neither the ketamine by time interaction nor the ketamine by naltrexone by time interaction was significant for either dose.
There were significant dose-related ketamine effects on four of the five PANSS factors (positive symptoms (Figure 2 ), negative symptoms (Figure 3) , cognition, and hositility), and naltrexone had no significant effects by itself. The interaction of ketamine dose, ketamine, naltrexone, and time for the emotional discomfort factor data failed to make the Bonferroni-corrected threshold for significance for this outcome (po0.01; Figure 4 ). As the interaction was significant at the uncorrected significance level of 0.05, post hoc testing was performed. These tests revealed that the 'discomforting' effects of the higher dose of ketamine were not significantly influenced by naltrexone pretreatment, whereas naltrexone pretreatment modestly, but significantly, increased the effects of low-dose ketamine on this outcome measure (ketamine by naltrexone by time interaction: ATS ¼ 2.9, df ¼ 2.7, p ¼ 0.04).
VAS and Number of Drinks Scale
The results of the analyses of VAS are summarized in Table 1 . Ketamine produced significant dose-related euphoria, drowsiness, and sedation. It also had effects that were deemed significantly similar to those of ethanol in a dose-related fashion. Naltrexone had no significant effects on any of the VAS. None of the interactions between ketamine dose, ketamine, naltrexone, and time reached the significance threshold for this study. However, the four-way interaction for the 'high' VAS was significant at an uncorrected significance level of 0.05, so post hoc tests were Figure 1 This figure depicts the PANSS total score results. Data are presented as mean values7SEM. Results of the data analyses are presented in Table 2 . The left figure presents the results of the higher perception-altering dose of ketamine and the right figure shows the results from the lower subperceptual dose of ketamine. K ¼ ketamine, N ¼ naltrexone, P ¼ placebo.
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The threshold for statistical significance adopted for this study was po0.01. Findings with po0.05 are bolded in the table.
b
Ketamine by time interaction effects reflect ketamine effects over the test day relative to placebo, irrespective of the ketamine dose. Naltrexone by ketamine by time interaction effects characterize the impact of naltrexone upon ketamine response over time irrespective of ketamine dose.
f Naltrexone by ketamine dose by ketamine by time interaction effects reflect whether naltrexone interacts with ketamine over time in a manner that is dependent on the dose of ketamine that is administered.
g Two outcome measures could not be analyzed using the ANOVA type statistic, the VAS measuring similarity to ethanol effects and the 'number of drinks' scale. These analyses are presented in the results section.
performed (see Figure 5 ). This analysis revealed a modest, but significant, increase in the euphoric effects of the lower ketamine dose following naltrexone pretreatment (ketamine by naltrexone by time interaction: ATS ¼ 3.78, df ¼ 2.09,
The results for the Number of Drinks Scale, reflecting the number of ethanol drinks that would be anticipated to produce a subjective sense of intoxication comparable to the subjective state at the rating time, are presented in Figure 6 . Whereas the ketamine by time interaction was significant (ATS ¼ 2.52, df ¼ 86.32, po0.0001), there was no significant main effect of naltrexone or significant ketamine dose by ketamine by naltrexone by time interaction. Table 2 . The left figure presents the results of the higher perception-altering dose of ketamine and the right figure shows the results from the lower subperceptual dose of ketamine. K ¼ ketamine, N ¼ naltrexone, P ¼ placebo. Table 2 . The left figure presents the results of the higher perception-altering dose of ketamine and the right figure shows the results from the lower sub-perceptual dose of ketamine. K ¼ ketamine, N ¼ naltrexone, P ¼ placebo. Table 2 . The left figure presents the results of the higher perception-altering dose of ketamine and the right figure shows the results from the lower subperceptual dose of ketamine. K ¼ ketamine, N ¼ naltrexone, P ¼ placebo.
Biphasic Alcohol Effects Scale
Ketamine produced significant stimulant and sedative effects as measured by the subscales of the BAES, but the effects of either ketamine dose were not significantly modulated by naltrexone pretreatment (Table 2) .
Hopkins Verbal Learning Test
Ketamine significantly impaired immediate recall (Table 2) . Naltrexone did not have a significant effect and it did not modify the ketamine effect on immediate recall. Controlling for immediate recall tested on the third trial, neither ketamine nor naltrexone impaired delayed recall.
DISCUSSION
The principal finding of this study was that pretreatment with naltrexone increased some effects of a subperceptual subanesthetic dose of ketamine, but this same dose of naltrexone did not alter the effects of a higher perceptionaltering subanesthetic dose of ketamine when administered to healthy human subjects. This pattern of interaction between naltrexone and ketamine was observed for the total PANSS score. It was also present in secondary analyses of the emotional discomfort factor of the PANSS and the 'high' VAS. This study also found that opiate receptors, particularly the m-opiate receptor, do not contribute substantially to other cognitive and behavioral effects of ketamine in healthy human subjects. Also, there was no evidence that ketamine effects were antagonized by naltrexone pretreatment. Thus, this study does not provide evidence that any direct effects of either isomer of ketamine are mediated by stimulation of opiate receptors.
The ability of naltrexone pretreatment to increase the 'high' and emotional discomfort produced by low-dose ketamine may suggest a novel mechanism through which it plays a role in the treatment of alcohol dependence. As noted in the introduction, early studies suggested that naltrexone attenuated the euphoric effects of alcohol consumption (O'Malley et al, 1996; Volpicelli et al, 1995) . However, a laboratory study from this period also suggested that naltrexone potentiated sedation and other effects of ethanol associated with descending blood ethanol levels (Swift et al, 1994) . The current data raise the possibility that naltrexone modestly potentiates feelings of intoxication, both euphoria and emotional discomfort, associated with modest levels of NMDA receptor antagonism, as might be Table 2 . The left figure presents the results of the higher perception-altering dose of ketamine and the right figure shows the results from the lower subperceptual dose of ketamine. K ¼ ketamine, N ¼ naltrexone, P ¼ placebo. associated with low levels of ethanol intoxication (Krystal et al, 1998) .
Naltrexone may potentiate a negative feedback signal on drinking that is both unclear and different than simply increasing the perceived number of alcohol drinks consumed, as this outcome measure was not significantly altered. The low dose ketamine was perceived as similar to 2-3 standard alcohol drinks regardless of naltrexone, whereas the higher ketamine dose was perceived as similar to approximately five standard alcohol drinks when administered by itself and approximately nine standard alcohol drinks when administered following naltrexone (see Figure 6 ). However, there was no significant interaction between ketamine, naltrexone, and time effects for either ketamine dose for the 'number of drinks' scale data.
The inability of naltrexone to modulate the cognitive and behavioral effects of the higher ketamine dose could signal a limitation on naltrexone's efficacy in treating alcohol dependence. Dosing issues may be very important to the interplay of NMDA receptor antagonists and drugs acting at opiate receptors. Two studies that reported synergy between opiate receptor agonist and NMDA receptor antagonist effects when both drugs were administered at low doses found no interactive drug effects (Young et al, 1992) or found the opposite pattern of interactive effects (Hance et al, 1989 ) when higher opiate doses were administered. The multicenter study of alcoholism conducted within the VA failed to find a significant naltrexone effect (Krystal et al, 2001 ) and its research patients drank more heavily at baseline and more rapidly progressed during treatment from their first drink of alcohol to heavy drinking than did the patients in early positive naltrexone trials (Anton et al, 1999; O'Malley et al, 1992; Volpicelli et al, 1992) .
Future research may address limitations of the current study. First, the applicability of the findings of this study to alcoholism treatment may be limited by the relatively low dose of naltrexone employed. This study evaluated naltrexone 25 mg due to concern that higher naltrexone doses might produce nausea and vomiting when administered with ketamine. However, clinical trials of naltrexone treatment for alcohol dependence study doses up to 100 mg. Naltrexone, at 25 mg, should have produced a nearly complete blockade of m-opiate receptors (Lee et al, 1988) . But, it is possible that higher naltrexone doses would have produced greater effects via d-or k-opiate receptors, where it has nearly 16.7-fold and 5.6-fold lower affinity, respectively (Ananthan et al, 1999) . Second, this study was conducted in healthy human subjects without a family history of alcohol dependence. The presence of a family history of alcohol dependence has been shown to influence ketamine response and the interactive effects of naltrexone and ethanol in healthy human subjects (King et al, 1997; Petrakis et al, 2004) . Different response patterns might have been observed in individuals with a family history of alcohol dependence. Third, this study sequentially evaluated the two ketamine doses in two separate subject groups, raising the possibility that ketamine dose and order effects were confounded in this study and reducing the statistical power for the comparisons across ketamine dose relative to the within subjects analyses.
Overall, the current data describe an interaction between NMDA glutamate receptors and opiate receptors. However, the interactive effects were not very prominent. Thus, the data may suggest that maintaining the tone of endogenous opiate systems is not critical for expressing the cognitive and behavioral effects of NMDA glutamate receptor antagonists.
